recent cryo-EM reconstruction of the CrPV IRES bound to 40S subunit reveals that the mRNA region proposed to mimic codon-anticodon interaction at the P site does not overlap with the canonical P-site region (C.M.T. Spahn, personal communication) and thus is "out of , 1990 ). Consispactamycin between residues G693 and C795 strongly tently, Pct-resistant mutants of the archaeon Halobacinhibits translocation with a surprising tRNA specificterium halobium were identified at corresponding posiity but has no effect on translation initiation, sugtions, namely A694G, C795U, and C796U (Mankin, 1997). gesting that reclassification of this antibiotic is necesMore recently, the crystal structure of the T. thermophisary. Collectively, these results suggest that the lus 30S subunit in complex with Pct was resolved to universally conserved G693:C795 residues regulate 3.4 Å ( Figure 1A . In doing so, the last position of the E site codon effect on that of the cricket paralysis virus (CrPV) RNA of the mRNA would be displaced by over 12 Å , leading that initiates from the A site (Wilson et al. 2000) . Indeed, to the suggestion that the inhibition of Pct might be associated with the movement of the mRNA-tRNA 2 complex through the ribosome, i.e., translocation.
vivo buffer conditions to systematically analyze the efand Pct were ‫8ف‬ M and ‫3ف‬ M, respectively, and that fect of Ede and Pct on the steps of translation initiation 80% inhibition was seen at concentrations Ͼ12.5 M. and elongation on E. coli ribosomes. We find that the The synthesized GFP was measured both in SDS and pleiotropic inhibitory effects of Ede could be reduced native gels, the former assessing the total amount of to two basic effects, viz. preventing codon-anticodon synthesized protein, whereas the latter enabled the deinteraction at the P site and the induction of translational termination of the fluorescence in the gel and thus remisreading at the A site. Pct could relieve the P-site flects the fully folded, active fraction of GFP. The expeceffects of Ede and was shown to block the translocation tation is that a drug inducing misincorporations will of certain acylated-tRNAs from A to P site completely reduce the active fraction more strongly than the total (tRNA Val , tRNA Lys ), whereas acylated-tRNA Phe remained synthesis, so that the ratio (active fraction)/(total syntheunaffected. In summary, our results suggest that tRNA sis) will decrease with increasing drug concentration. In binding at the P site is dictated by the conformational contrast, if a drug does not affect the decoding accustate of the universally conserved residues G693 and racy, the active fraction and total synthesis will decrease C795 of the 16S rRNA.
proportionally and accordingly the ratio (active fraction)/ (total synthesis) will not change with increasing drug concentration. This expectation was verified with strepResults tomycin, the classical inducer of misreading, and tetracycline, which does not affect the decoding accuracy The Half-Inhibition Concentration of Edeine (W.S. and K.H.N., unpublished data). Therefore, this and Pactamycin in a Coupled method provides a measure of the overall misincorporaTranscription-Translation System tion, a feature of the system that is exploited here for The most physiological in vitro system for protein synthe first time. Expression of GFP was measured in the thesis currently available is the coupled-transcription/ transcription-translation in the presence of increasing translation system. We have utilized this system for the concentrations of edeine and pactamycin (Figure 3 ). The expression of the green fluorescent protein (GFP) gene total amount of GFP produced was determined by SDSin order to define the concentration window of Ede and PAGE ( Figure 3A ) and the active GFP fraction by measurPct for all subsequent experiments. In Figure 2A , it can be seen that half-inhibitory concentrations (IC 50 ) of Ede ing the fluorescence of the GFP protein on native gels ( Figure 3B ). As described above, the ratio of the active GFP to the total GFP provides a measure of the translational fidelity of the system. As seen in Figure 3C , the ratio of active to total GFP protein did not change with increasing Pct concentrations, demonstrating that Pct does not influence the translational fidelity of the system. In contrast, with increasing Ede concentrations, there was dramatic decrease in the ratio of active GFP protein to total protein, shown in Figure 3C as translational fidelity (solid line with triangle symbols). It follows that Ede is a strong inducer of misincorporations.
The Edeine-Dependent Inhibition of tRNA Binding to 30S Subunits and 70S Ribosomes Is Relieved by Increasing Concentrations of Pactamycin
The initiation phase of translation in bacteria operates predominantly through a preinitiation complex, consisting of fMet-tRNA bound to a programmed 30S subunit with the aid of initiation factors (IFs), which then associates with the 50S subunit to form the 70S-initiation complex (or P i complex) bearing fMet-tRNA at the P site (reviewed by Gualerzi et al., 2000). Figure 2B , any concentration of Ede over 8-10 M completely abolished fMet-tRNA binding (with an IC 50 of of 2 M), whereas Pct had no effect, even at excessive concentrations (100 M). These experiments were repeated in the presence of equimolar or excess amounts of IFs (enzymatic binding) using both Shine-Dalgarno (SD)-and non-SD-containing MVmRNAs with similar results (data not shown). Furthermore, fMet-tRNA bound in the presence of Pct was puromycin reactive upon addition of 50S subunits regardless of whether the binding was enzymatic or not, i.e., ϮIFs (data not shown). This suggests that Pct does not alter the orientation of the P-site tRNA such that formation of the first peptide bond is prevented.
Because the nucleotides of the C795-G693 base pair formed upon Ede binding to the 30S subunit constitute the major component for Pct interaction with 16S rRNA, we reasoned that the addition of Pct might disrupt this base pair and restore binding of fMet-tRNA to 30S subunits. To test this, we reanalyzed fMet-tRNA binding This experiment could not be performed with 30S subunits, since there is insignificant binding of tRNAs to nonprogrammed 30S subunits (Gnirke and Nierhaus, 1986). We found that with increasing concentrations of 
Edeine and Pactamycin Effects on Misreading during Poly(Phe) Synthesis
The increase in poly(Phe) synthesis in the presence of Pct ( Figure 7B ) and the loss of translational fidelity seen in the coupled system in the presence of Ede ( Figure  2A ) prompted us to investigate the level of misincorporation in the presence of these antibiotics. For a control, we used streptomycin (Str), an antibiotic well known for its strong stimulatory effect on translational misreading (Spahn and Prescott, 1996, and references therein). To monitor the translational error, the poly(Phe) reactions were spiked with radiolabeled leucine (Leu), since the tRNAs encoding this amino acid are near cognate for the Phe codon UUU. The highly optimized poly(U)-dependent poly(Phe) system that we are using can synthesize at rates approaching 20 Phe/(ribosome ϫ min) with an initial rate up to 8 Phe/(ribosome ϫ s) (data not shown) and an accuracy nearing in vivo, i.e., approaching one misincorporation per 1000-3000 amino acids incorporated (Kurland et al., 1990, and references therein). As shown in Figure 7D , our system was charac- Figure 4A , low concentrations of Ede (Ͻ10 M) were shown to reduce Figure 7D, lanes 3 and 4) , yet the poly(Phe) formation was increased, comparable to that in the presence of tRNA binding to 70S ribosomes to the level of nonprogrammed ribosomes. Pct alone (compare Figure 7C, lanes 2 and 4) .
Since Pct seemed to have a beneficial effect in terms The major effects of edeine can be explained by assuming that Ede blocks exclusively codon-anticodon of stimulating the rate of poly(Phe) synthesis as well as reducing the errors, we were interested to see whether interaction at the P site: since tRNA binding at the P site of 30S subunits occurs strictly in the presence of Pct could also counteract the misreading effects of Str. to that observed in the presence of nonprogrammed ribosomes. At Ede concentrations above 15 M, the binding of fMet-tRNA to programmed or nonprogrammed 70S ribosomes is marginally reduced, whereas the P-site binding of the artificial peptidyl-tRNA mimic AcPhe-tRNA was completely blocked, providing some indication that these tRNAs bind differently on the ribosome. However, once the tRNA-mRNA interactions with the ribosome are established, particularly the interaction of the mRNA in the E site with the tips of h23/ h24 (Brodersen et al., 2000) , Ede cannot undo them. In this respect, it is interesting to mention that Ede could remove the P-site tRNA from the 30S, when the mRNA was replaced with a single triplet codon (Szer and Kurylo-Borowska, 1970), since in this case, no interaction between mRNA and h23/h24 is possible.
We were surprised to find that Ede significantly enhanced misincorporation and astonished to find that levels paralleled those of the classic misreading antibiotic Str. This finding is of particular interest since, to date, misreading antibiotics have been discovered that bind either to the decoding center of the A site, like aminoglycosides, or within the vicinity of h27, such as Str, but not in proximity to the E site. It was recently reported that chloramphenicol, as well as the oxazolidinone class of antibiotics, which bind within the PTF center of the large subunit, induce miscoding events, such as frameshifting and nonsense suppression (Thompson Met-Val dipeptides in the presence of 1 M Pct using (3) the reactivity of fMet-tRNA with puromycin within the a poly(AUG) translation system, explaining the latter diPi complex. In fact, we could find no significant inhibitory peptide as due to the presence of contaminating endogeffect up to and including the formation of the preenous hemoglobin mRNA. In these experiments virtually translocation complex, i.e., a programmed ribosome no tripeptide or higher oligopeptides were detected. In containing tRNAs at the A and P site. However, the next another study, performed in the presence of stoichiostep, translocation, revealed itself to be the target of metric amounts of IFs, no inhibition of initiation in the Pct. We have shown that the presence of Ͼ5 M Pct presence of Pct was observed using an globin-synthewas sufficient to effectively abolish translocation of two sizing rabbit reticulocyte lysate in vitro translation sysdifferent mRNA-tRNA combinations (Figures 5B and 5C) . tem (Kappen and Goldberg, 1976). Instead, an accumuWe also found that the IC 50 of Pct for inhibition of poly(A)-lation of the dipeptide Met-Val was observed in the P dependent poly(Lys) synthesis was within the 3 M site of the ribosome; however, in contrast with our findrange ( Figure 7A) . ings, the dipeptide was reported to be puromycin reacWe believe an IC 50 of Ͻ3 M to be within the physiologtive, leading to the conclusion that the inhibition was ical range of this antibiotic, since the growth of the E. 
